The crystal structure of an antibacterial protein of immune origin (TSWAB), purified from tasar silkworm (Antheraea mylitta) larvae after induction by Escherichia coli infection, has been determined. This is the first insect lysozyme structure and represents induced lysozymes of innate immunity. The core structure of TSWAB is similar to c-type lysozymes and ␣-lactalbumins. However, TSWAB shows significant differences with respect to the other two proteins in the exposed loop regions. The catalytic residues in TSWAB are conserved with respect to the chicken lysozyme, indicating a common mechanism of action. However, differences in the noncatalytic residues in the substrate binding groove imply subtle differences in the specificity and the level of activity. Thus, conformational differences between TSWAB and chicken lysozyme exist, whereas functional mechanisms appear to be similar. On the other hand, ␣-lactalbumins and c-type lysozymes exhibit drastically different functions with conserved molecular conformation. It is evident that a common molecular scaffold is exploited in the three enzymes for apparently different physiological roles. It can be inferred on the basis of the structure-function comparison of these three proteins having common phylogenetic origin that the conformational changes in a protein are minimal during rapid evolution as compared with those in the normal course of evolution.
The insect immune defense is activated by the invasion of microbes and acts through both cellular and humoral responses. The humoral immune response in insects shares some fundamental characteristics with innate immune response of vertebrates in the sense that it apparently lacks specificity and memory, and nevertheless functions with great efficiency against microbial pathogens. This arm of the insect immune response manifests itself by instantaneous overexpression of an array of potent antibacterial proteins and peptides at the time of bacterial infection. These proteins and peptides provide the first line of defense against pathogens. A large number of these peptides and proteins have been isolated, identified, and characterized biochemically (1) (2) (3) (4) (5) . They include cecropins (6) , defensins (7) , attacins (8) , proline-rich peptides (9) , and lysozymes (10, 11) .
As a model for understanding the nature and biology of the innate immune response, insect immunity has come into renewed focus (12, 13) . Structural studies on the proteins and peptides of the insect immune system are therefore being increasingly addressed. Elaborate spectroscopic studies have been carried out on cecropins and sapecins (14 -16) . The NMR structures of the insect immune peptides such as thanatin, drosomycin, and insect defensin have been elucidated (17) (18) (19) . In addition, the crystal structure of hemolin, a protein belonging to the immunoglobulin superfamily and involved in insect immunity, has been recently determined (20) . Here we report the crystal structure of an antibacterial protein from tasar silkworm (Antheraea mylitta) (TSWAB). The expression of TSWAB was induced after Escherichia coli infection of the larvae, leading to the secretion of large quantities of the protein in the hemolymph. Structural fold of this protein resembles c-type lysozymes and ␣-lactalbumins, and it belongs to the functional class of chicken lysozymes. The comparison of TSWAB structure with respect to the other c-type lysozymes and ␣-lactalbumins provides structural implications of rapid versus slow molecular evolution.
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-Purification of the tasar silkworm protein, induced on E. coli infection, was carried out by adopting the procedures described previously (21, 22) . The N-terminal 32 residues were obtained by protein sequencing using an ABI 270 automated protein sequencer with a 120A analyzer. The crystals of TSWAB were grown in 0.1 M acetate, pH 5.5, with 26.5% polyethylene glycol (8 kDa) as precipitant using hanging drop vapor diffusion method at room temperature. Small wedge-shaped crystals with dimensions of ϳ0.1 ϫ 0.25 ϫ 0.25 mm grew to their final size in about 2 months. The x-ray diffraction intensity data were recorded using an imaging plate detector system (Marresearch) with the CuK ␣ radiation from RIGAKU rotating anode x-ray generator (40 kV and 70 mA). The crystals diffracted up to 2.4-Å resolution and were stable in the x-ray beam. X-ray intensity data were processed using DENZO (23) . The data completion was 97% at 2.4-Å resolution. The intensity data statistics and the crystal data are given in Table I . Assuming one molecule of the protein in the asymmetric unit, the V m equals 2.03 Å/Da, which is within the expected range for normal proteins (24) . The solvent content of the crystals was calculated to be 39.5%.
Structure Determination and Refinement-All molecular replacement calculations were carried out using AMoRe (25) . Through Nterminal sequencing, the first 32 amino acids of the sequence were determined. Using the BLAST and ClustalW programs, it was found that there is maximum sequence homology with the N-terminal region of trout (Onthorhyncus mykiss) lysozyme (38% sequence identity). The crystal structure of the trout lysozyme (1LMN) was therefore used as a probe model for rotation/translation function calculations between 8-and 4-Å resolution. Other lysozyme models whose N-terminal sequences showed good homology were also used. The trout lysozyme model gave better correlation factor (45%) and R-factor (42%) than the other models. The 1LMN model was properly oriented in the unit cell, and the crystal packing was examined to make sure that there are no steric clashes or large voids between symmetry-related molecules. It was subsequently subjected to rigid body refinement in CNS (26) to refine orientation and position of the starting model in the unit cell. The individual atoms were then refined by several cycles of conventional positional refinement with overall B values. Higher resolution data, up to 2.4 Å, were added in a stepwise fashion. Both conventional R-factor (R cryst ) and the free R-value (R free ) (using 10% data) were used to monitor the progress of refinement (27) . The electron density map was computed using CNS and was displayed with the help of O (28) on Octane (Silicon Graphics Inc.). This was followed by iterative rebuilding of the model on the basis of 2F o Ϫ F c as well as F o Ϫ F c maps. Using the electron density maps the sequence of 1LMN was gradually changed to that of TSWAB. Some loops also had to be extensively remodeled. The entire sequence of the TSWAB was obtained only after complete refinement of the structure. Of course, the availability of the homologous sequences from the other lepidopteran insects facilitated incorporation of correct amino acids within the electron density map. Water molecules were included in the model using a contour of 2 in F o Ϫ F c and 1 in 2F o Ϫ F c electron density maps and if they were within 3.5 Å from one or more nitrogen or oxygen atoms of the protein or other water molecules.
Crystal Structure Validation and Analysis-The deviation from ideal geometry of the refined model was analyzed using XPLOR and PRO-CHECK (29) in CCP4. The structural alignments were made using the HOMOLOGY module of the InsightII (Molecular Simulations Inc.). The molecular volumes were calculated using GRASP (30) . The insect lysozyme sequences were obtained from SwissProt through BLAST server, and their comparative analysis was carried out using ClustalW (31) .
RESULTS
Overall Structure-The fully refined structure of TSWAB shows that it is 120 amino acids long. The final model (Fig. 1A) includes 961 protein atoms, with 58 atoms corresponding to water molecules. The -plot for the backbone torsion angles shows that a total of 83.5% of the non-glycine and non-proline residues have their backbone torsion angles in the most favorable region of the plot, 11.9% in additionally allowed regions, and 1.8% in the generously allowed regions.
TSWAB is a globular protein with approximate dimensions being 69 ϫ 47 ϫ 50 Å. The molecule is bi-lobed, and the structure is predominantly ␣-helical with two small ␤-sheets and a number of loops of varying lengths. The helical regions lie in one lobe of the protein, which extend from Arg 5 Structural Comparison with Chicken Lysozyme Family-The N-terminal sequencing of TSWAB was done prior to structure solution, and it gave the first 32 residues of the sequence. Rest of the protein sequence was obtained from the comparative analysis of the sequences of other insect lysozymes aided by the electron density map as the refinement progressed. A BLAST search (32) using the entire sequence revealed significant homology with c-type lysozymes and ␣-lactalbumins, which have been classified in a common family of structural folds in the SCOP data base (33) . The structural alignment of TSWAB with these two proteins ( Fig. 2A) revealed that it belongs to the lysozyme-like fold, with the core of the molecule being conserved in terms of the number and relative orientations of secondary structural elements. The regions of TSWAB that align well with the chicken lysozyme include residues 1-17, 22-40, 50 -64, 71-95, and 101-109, and those that align well with human ␣-lactalbumin include residues 1-12, 22-40, 50 -64, and 71-100. These involve three of the four ␣-helices and both the ␤-sheets seen in the TSWAB protein. The disulfidebonding pattern in TSWAB is consistent with those of the other two proteins. Fig. 2B shows the structure of TSWAB colored on the basis of regions that are similar to one or the other of the two proteins to highlight the conserved and variable regions and to define the core of the molecule with respect to chicken lysozyme and human ␣-lactalbumin.
The above comparison was also extended to all the c-type lysozymes and ␣-lactalbumins whose structures were available in the protein data bank (34) . The core structural features of TSWAB are conserved. However, significant differences were observed in the loop regions, in terms of length, sequence, and conformation, between the three proteins. The structure of TSWAB was divided into 11 segments on the basis of above comparison, and the r.m.s.
1 deviation of each of these segments was compared with the corresponding segments in 10 different c-type lysozymes and 5 different ␣-lactalbumins. Fig. 3 shows the r.m.s. deviation plotted with respect to each of the 11 segments of TSWAB. As is evident from this figure, five segments of c-type lysozymes show r.m.s. deviation greater than 2 Å with respect to TSWAB. These include residues 18 -21, 41-49, 65-70, 96 -100, and 110 -120. In the case of ␣-lactalbumins, six segments differ in structure as compared with TSWAB. 1 The abbreviation used is: r.m.s., root mean square. These comprise residues 13-17, 18 -21, 41-49, 65-70, 101-109, and 110 -120. The rest of the structure can be defined as the core of the TSWAB molecule, which is largely conserved with respect to the other two proteins. In addition, the plot also indicates that the extent of structural variations of all the c-type lysozymes and ␣-lactalbumins is similar with respect to TSWAB.
The region of TSWAB that is different from lactalbumins but not from c-type lysozymes incorporates residues 13-17. The corresponding segment of lactalbumins includes residues 13-15. This segment of TSWAB forms a part of ␣1, but this helix in lactalbumins is much shorter; as a result, the corresponding segment takes altogether a different conformation. For c-type lysozymes the r.m.s. deviations are below 2 Å for this region.
The loop defined by residues 18 -21 of TSWAB with the sequence DENL also shows significant conformational differences with respect to the corresponding loops in all lysozymes and ␣-lactalbumins defined by residues 18 -24 and 16 -22, respectively. Thus, this loop is shorter in TSWAB by 3 residues, as compared with the other two proteins. This loop connects the ␣1 and ␣2 helices and interacts with ␣3 in the case of ␣-lactalbumins and c-type lysozymes. However, it shows no interactions in the case of TSWAB, probably because of its smaller size.
Another loop of TSWAB that shows significant differences with respect to the other two proteins is the one defined by residues 41-49 incorporating the sequence ANVNKNGSR. This loop joins one of the two strands of the anti-parallel ␤-sheet and a loop. The corresponding residues in c-type lysozymes and ␣-lactalbumins are 44 -51 and 42-48, respectively. This is the only loop that is slightly longer in TSWAB as compared with the other two proteins.
The conformation of the loop defined by residues 65-70, incorporating the sequence GSTPGK, is particularly striking because it is substantially different with respect to both c-type lysozymes and ␣-lactalbumins. The 2F o Ϫ F c map for this loop in TSWAB is shown in Fig. 4 . The loop connects the two ␤-strands of the parallel ␤-sheet of TSWAB. The analogous loop is 8 residues in length in all lysozymes and ␣-lactalbumins and comprises residues 67-74 and 64 -71, respectively. In the case of c-type lysozymes and ␣-lactalbumins, this loop is oriented toward the active site, whereas, in the case of TSWAB, it is oriented away from the active site.
The structural differences are also seen in the loop defined by residues 96 -100, of TSWAB integrating the sequence KRTKF. This loop connects ␣3 and a ␤-turn. The corresponding residues in lysozymes include 100 -105. However, this loop shows r.m.s. deviation of less than 2 Å when compared with ␣-lactalbumins indicating similar conformation. Instead, the segment 101-109 of TSWAB, which incorporates ␣4 region, is closer to c-type lysozymes. The corresponding region in ␣-lactalbumins and c-type lysozymes includes 102-110 and 106 -114, respectively. In fact, this region also shows maximum differences in conformation within the various ␣-lactalbumins. In the case of guinea pig and goat proteins, the conformation varies significantly with respect to other members as well as TSWAB. The r.m.s. deviations of c-type lysozymes for the corresponding segment lie below 2 Å.
The C-terminal end region, 110 -120, of TSWAB is similar neither to c-type lysozymes (115-129) nor to the ␣-lactalbumins (111-122). This region has altogether different conformations in the three cases. However, within various lysozymes and ␣-lactalbumins, this region has similar conformation except for a few residues at C terminus in the case of ␣-lactalbumins.
Active Site Geometry and Surface Features-The active site of TSWAB could be defined by comparison with c-type lysozymes. In fact, this region of TSWAB shows maximum similarity with other lysozymes in terms of the nature of the amino acids, the backbone conformation, and the side chain orientations. Through comparison with chicken lysozyme, the active site could be defined by residues Asn 31 Glu 32 and Asp 50 , which have been directly associated with catalysis, ␣-lactalbumins have Thr 32 and Glu 48 , respectively. Comparison of the surface electrostatic potentials of the three proteins, TSWAB, chicken lysozyme, and human ␣-lactalbumin, was carried out (Fig. 5) . It is clear that the electrostatic potential in the active site region of TSWAB is negative and resembles that of chicken lysozyme. Apart from the active site, the overall surface electrostatic potential in the case of chicken lysozyme is positive. In the case of TSWAB, on the other hand, there are other regions on the surface (in addition to the active site) that show negative electrostatic potential. The charge distribution on the human ␣-lactalbumin surface is distinctly different from the other two proteins, providing it a highly negative electrostatic potential. Additionally, the active site of TSWAB is compact as compared with chicken lysozyme, which is more open and broad, particularly because of the orientation of Lys 45 . The corresponding residue in chicken lysozyme is Thr 47 . The shape of the active site groove of the human ␣-lactalbumin is significantly different compared with the other two proteins. Fig. 6 shows sequence comparison of TSWAB with the other induced insect lysozymes for which sequences were available. TSWAB shows very high sequence identity (between 70 and 80%) with all of them except Aedes aegypti, with which it shows 53% identity. Of the 14 residues defining the active site, 12 are conserved, including the two catalytic residues Glu 32 
DISCUSSION
The TSWAB is an E. coli-induced immune protein expressed as a part of humoral immune response in tasar silkworm from the order Lepidoptera. It is truly a protein among those designed for insect immune defense. The chicken lysozyme, on the other hand, is a constitutive antibacterial protein. However, TSWAB has antibacterial activity comparable with that of the chicken lysozyme against Gram-positive bacteria (21) . Therefore, the molecular mechanisms of the action of TSWAB and chicken lysozyme are expected to be similar. On the other hand, ␣-lactalbumins are involved in the regulation of lactose synthase activity. As also observed in many other cases, a common molecular scaffold is used for these three apparently different physiological roles (36, 37) . Proteins with similar fold could also be related phylogenetically. ␣-Lactalbumins, c-type lysozymes, and insect lysozymes have been implicated to have a common evolutionary precursor (38) .
The physiological roles of TSWAB and chicken lysozyme are different, considering that one is instantaneously induced on bacterial infection and the other acts constitutively. Because the catalytic residues are structurally conserved between the two proteins and their antibacterial activities against Grampositive bacteria were comparable (21) , it is likely that TSWAB employs a similar catalytic mechanism as that of chicken lysozyme to cleave its substrate. Correspondingly, the electrostatic potential surfaces in the active site region are also similar. However, a substantial number of other residues that may be important in stabilizing the substrate in the active site are different from those seen at analogous positions in chicken lysozyme. Therefore, there might be differences in levels of specificity between the two enzymes. On the other hand, the surface electrostatic potential in the regions corresponding to the active site defined in chicken lysozyme is remarkably different in human ␣-lactalbumin. Thus, the correlation of physiological activities of these three proteins sharing common fold can be seen in their surface properties as well, which show obvious gradation in the negative electrostatic potential (Fig. 5) .
The TSWAB is a lysozyme recruited for immune function. In the case of lepidopteran lysozymes (of which TSWAB is an example), the expression is induced only on infection. Considering the high sequence homology, the structures of other insect lysozymes of induced origin will also be very similar to that of TSWAB. As seen in Fig. 6 , the homology of other lysozymes with A. aegypti is relatively less, perhaps because of the fact that the others belong to same order, Lepidoptera, as opposed to A. aegypti, which belongs to Diptera, although it is also of induced immune origin. On the other hand, there are other insect lysozymes, e.g. lysozyme of fruit fly, the expression of which is constitutive. The structure of TSWAB may not represent those members of insect lysozyme family that have different physiological origins and have much lower (40%) sequence identity. Among the residues defining the active site, four are conserved between insect lysozymes of induced origin, which are not conserved with respect to c-lysozymes (Fig. 6 ). Perhaps these residues may relate to the specific character of the proteins of this group. Measurement of the molecular volumes showed that TSWAB (10570 Å 3 ) is smaller and more compact than the other c-type lysozymes (11,800 -12,200 Å 3 ). The primary reason for this is that the loops are shorter in the case of TSWAB. This compactness might impart greater thermal stability to insect lysozymes, as has been seen for other proteins (39) . Greater stability would also ensure that the protein is physiologically present for a longer duration, which would be important, considering that TSWAB expression is induced and not constitutive.
Comparison of the TSWAB structure with those of other FIG. 6 . Sequence alignment of TSWAB with other insect lysozymes. Every 20th residue has been labeled in all the three alignments. The residues identical to TSWAB in each case have been highlighted. The residues of TSWAB corresponding to the active site in the case of hen egg white lysozyme have been marked with asterisks.
c-type lysozymes and ␣-lactalbumins led to interesting observations concerning molecular evolution that may be of general significance. It has been suggested that ␣-lactalbumins have evolved from mammalian lysozyme after divergence of the avian and mammalian lineages and have undergone a rapid evolution, leading to acquisition of a new function and loss of lysozyme activity (38) . In contrast, the insect lysozymes diverged earliest from the lineage that led to vertebrate lysozyme and ␣-lactalbumins. Thus, although the differences in sequences of human ␣-lactalbumin and TSWAB with respect to chicken lysozyme are comparable, the differences in the corresponding structures are not. Unlike human ␣-lactalbumin, the structure of TSWAB is significantly different from chicken lysozyme. This is an interesting observation considering the fact that chicken lysozyme shares mechanism of action with TSWAB and not with ␣-lactalbumin. Apparently, during evolution, TSWAB has undergone structural changes in those parts of the protein that were not involved in the function. Thus, the catalytic residues were selectively conserved and the function was retained. The conservation of function with significant differences in conformation between TSWAB and chicken lysozyme, on one hand, and drastically different function with conserved molecular conformation between ␣-lactalbumins and c-type lysozymes, on the other, provide an interesting contrast. It appears that structure changes much more slowly during rapid evolution as observed for ␣-lactalbumins and c-type lysozymes as against that during normal course of evolution as observed between c-type lysozymes and the insect lysozyme.
The crystal structure of TSWAB, an antibacterial protein, described here is the first structure belonging to the insect lysozyme family. It represents the structural class corresponding to the induced lysozymes of innate immune origin and provides insights into the functional aspects of this class. Despite the fact that the mechanism of action of TSWAB is likely to be similar to that of chicken lysozyme, it is expressed only on bacterial infection and has significant structural differences as compared to chicken lysozyme. The insect lysozymes diversified from the lineage of chicken lysozyme while retaining the common function, the lactalbumins evolved rapidly resulting in new function. However, structurally chicken lysozyme and ␣-lactalbumins are closer to each other compared with insect lysozyme, implying that structure is resistant to changes during rapid evolution. Thus, rapid evolution leads to the acquisition of new function by modification of certain critical residues without drastically changing the structure.
